Although the lateral and basal nuclei of the amygdala are believed to be essential for the acquisition of Pavlovian fear conditioning, studies using post-training manipulations of the amygdala in the inhibitory avoidance learning paradigm have recently called this view into question. We used the GABA A agonist muscimol to functionally inactivate these nuclei immediately after single-trial Pavlovian fear conditioning or single-trial inhibitory avoidance learning. Immediate post-training infusions of muscimol had no effect on Pavlovian conditioning but produced a dose-dependent effect on inhibitory avoidance. However, pretraining infusions dose-dependently disrupted Pavlovian conditioning. These findings indicate that the amygdala plays an essential role in the acquisition of Pavlovian fear conditioning and contributes to the modulation of memory consolidation of inhibitory avoidance but not of Pavlovian fear conditioning.
inhibitory avoidance learning procedures have been used to support the view that the amygdala is not the site of acquisition for fear learning but rather a region that serves to modulate the strength of memory storage in other brain areas Roozendaal et al., 1996; Cahill and McGaugh, 1998) . Although a recent report from our laboratory attempted to address this issue by using post-training infusions of muscimol in Pavlovian conditioning (Wilensky et al., 1999) , that study used multiple conditioning trials, which confounded training time and consolidation and may have obscured any potential effects of post-training inactivation.
In the present study, we evaluated the possibility that pharmacological manipulations of the amygdala differentially affect memory consolidation of Pavlovian fear conditioning and inhibitory avoidance learning. We infused the GABA A agonist muscimol bilaterally into the LA and adjacent areas either before or immediately after single-trial Pavlovian fear conditioning. Additionally, we directly compared the effects of post-training infusions of muscimol on single-trial inhibitory avoidance learning and Pavlovian fear conditioning.
MATERIALS AND METHODS
Subjects. Subjects were adult male Sprague Dawley rats obtained from Hilltop Labs (Scottdale, PA). Rats were housed individually in plastic Nalgene cages (Nalge Nunc International, Rochester, N Y) and maintained on a 12 hr light /dark cycle. Food and water were provided ad libitum throughout the experiment.
Surger y. Rats were given intra-amygdala cannula implants as previously described (Wilensky et al., 1999) . Briefly, rats were anesthetized with sodium pentobarbital (40 mg / kg, i.p.), treated with atropine sulfate (0.4 mg / kg), and given buprenorphine HCL (0.02 mg / kg, s.c.) or ketoprofen (2 mg / kg, i.m.) as an analgesic. Using a stereotaxic frame, guide cannulas (22 gauge; Plastics One, Roanoke, VA), fitted with internal cannulas that extended out 1.5 mm, were positioned just above the L A using coordinates from Paxinos and Watson (1986) : 2.8 mm posterior to bregma, 5.3 mm lateral to the midline, and 8.0 mm ventral to the skull surface. The guide cannulas were fixed to screws in the skull using cranioplastic cement (Plastics One), and internal cannulas were replaced with dummy cannulas, cut 0.5 mm longer than the guides, to prevent clogging. All procedures were conducted in accordance with the National Institutes of Health Guide for the Care and Use of E xperimental Animals and were approved by the New York University Animal C are and Use Committee.
Intracranial inf usions. Rats were held in the experimenter's lap while dummy cannulas were replaced with 28 gauge inf usion cannulas attached to 1.0 l Hamilton (Reno, N V) syringes via polyurethane tubing. The tubing was back-filled with sesame oil, with a small air bubble separating the oil from the drug. Drugs were inf used bilaterally by an inf usion pump, and cannulas were left in place for an additional 1 min after inf usion to allow diff usion of the drug away from the cannula tip before dummy cannula replacement. A total amount of 0.5 l of drug or vehicle was inf used into each amygdala. This amount was chosen on the basis of autoradiographic studies of the spread of muscimol (Martin, 1991) applied to the size and structure of the target (Muller et al., 1997) , as well as standard volumes used in the literature (Helmstetter and Bellgowan, 1994; Muller et al., 1997; Z anatta et al., 1997) . Although the L A was the main target, the inf usions also likely affected the adjacent basal nucleus. We therefore refer to the affected area as the lateral and basal amygdala (L BA).
Apparatus. Pavlovian fear conditioning and testing for contextual conditioning took place in a Plexiglas conditioning chamber with a metal grid floor (model E10-10; Coulbourn Instruments, Lehigh Valley, PA) enclosed within a sound-attenuating chamber (model E10-20) . Testing for auditory fear conditioning occurred in a distinct Plexiglas chamber (EN V-001; MedAssociates, Inc, Georgia, V T) fitted with a flat black Formica floor to minimize generalization to context . Inhibitory avoidance conditioning and testing took place in a Plexiglas box modeled on previously published work , which was divided into two compartments. The white-walled, brightly lit starting compartment was separated from the black-walled, dark shock compartment by a black Formica divider containing an upward sliding door.
Habituation, auditor y fear conditioning, and testing. Behavioral procedures were conducted as previously described . Briefly, rats were habituated to the apparatus for a minimum of 10 -15 min and to dummy cannula removal and replacement on the day before training. Rats were trained with a single conditioning trial consisting of a 30 sec, 5 kHz, 75-80 dB tone that co-terminated with a 1.0 sec, 1.5 mA shock.
Rats were inf used before training with either 0.5 l of artificial C SF (AC SF) or one of five doses of muscimol in AC SF (4.4, 1.1, 0.44, 0.088, or 0.001 nmol /side in 0.5 l). The highest dose was chosen because of its effectiveness in blocking multiple-trial Pavlovian fear conditioning (Muller et al., 1997) , and the lowest dose was chosen because of its previously documented effectiveness in the modulation of inhibitory avoidance learning . The inf usion occurred an average of 49 min before training. For post-training inf usion groups, 4.4, 0.44, or 0.001 nmol /side in 0.5 l of AC SF or an equivalent volume of AC SF was inf used immediately after the tone -shock pairing. The average inf usion took a little less than 4 min from the offset of the US until all of the drug had been inf used.
Rats were tested 24 hr later with three 30 sec tones (5 kHz, 75 dB; intertrial interval, 100 sec) and videotaped for later scoring. To measure baseline freezing to the tone testing chamber, the 30 sec period preceding the first tone was scored, as well as seconds freezing during each 30 sec tone. Data were analyzed with ANOVA and Scheffe's post hoc t tests. Differences were considered significant if p Ͻ 0.05. E xtinction testing. Rats from the four groups with post-training inf usions were presented with three 30 sec, 5 kHz, 75 dB tones every 24 hr until extinction criteria had been met. The extinction criteria, adapted from previously published protocols (Morgan et al., 1993) , required rats to freeze for Ͻ5 sec during each of the three test tones for two consecutive days.
Conte xtual fear conditioning and testing. Habituation and training followed the protocol for auditory fear conditioning, except the US was raised to 2 mA to produce robust contextual learning. Training was followed by inf usion of either 0.5 l of 4.4 nmol of muscimol /side or AC SF. At testing, rats were returned to the conditioning chamber, allowed to acclimate for 5 min, and then observed and scored for freezing three times for 30 sec each, with 30 sec intervals between each scoring block. After ϳ10 min in the training chamber, rats were transferred to the testing chambers for auditory tone testing as described above.
Inhibitor y avoidance training and testing. Procedures for inhibitory avoidance training were based on previously published work . Rats were placed in the lighted chamber facing the partition. When the rat turned to face the back wall of the chamber, the door to the dark chamber was opened, and latency to enter was recorded. When rats completely entered the dark chamber (all four feet on the floor), they received a shock (0.45 or 2 mA, 1 sec), followed immediately by inf usion of muscimol (4.4, 0.44, or 0.001 nmol /side in 0.5 l of AC SF) or an equivalent volume of AC SF. Rats were tested after 48 hr in the same manner as training, but without receiving a shock. Testing was terminated either when the rat entered the dark chamber or after 600 sec without entry. Multiple groups were statistically analyzed with the nonparametric Kruskal -Wallis ANOVA (because of the inequality of the SDs and termination of testing after 600 sec), whereas individual pairs were analyzed using Mann -Whitney U tests.
Rats trained with the 2 mA shock were videotaped during testing to measure freezing to the inhibitory avoidance apparatus. Rats were placed in the light chamber, allowed 10 sec to acclimate to the context, and then recorded for 2.5 min. Freezing data were collected for three 30 sec periods, separated by 30 sec intervals. After the freezing trials, the inhibitory avoidance testing began when the rats turned to face away from the door and continued as described above.
After inhibitory avoidance testing, the 4.4 and 0.001 nmol muscimol and the AC SF groups that received the 0.45 mA shock were trained in the auditory fear conditioning paradigm. Rats in the 4.4 nmol of muscimol /side and AC SF groups received post-training inf usions of 4.4 nmol of muscimol /side and 0.5 l of AC SF, respectively, and the remaining rats received pre-training inf usions of 4.4 nmol of muscimol /side. Histolog y. To verif y inf usion cannula tip locations, rats were anesthetized with an overdose of chloral hydrate (600 mg / kg, i.p.) and perf used transcardially with 10% buffered formalin. The brains were post-fixed in 30% sucrose in formalin and subsequently blocked, sectioned on a cryostat at 50 -60 m, and stained for Nissl using either 0.5% cresyl violet or 0.25% thionine. Sections were coverslipped with Permount and examined under light microscopy for tip penetration into the amygdala.
RESULTS

Pre-training functional inactivation of the amygdala dose-dependently impairs acquisition of auditory fear conditioning
Previous studies in our laboratory have shown that pre-training functional inactivation of LBA with high doses of muscimol disrupts acquisition of auditory and contextual fear conditioning (Muller et al., 1997) . We have recently extended these findings to show that immediate post-training infusions of muscimol have no effect on the consolidation of auditory fear conditioning (Wilensky et al., 1999) . However, the results of these studies cannot be compared directly with those of inhibitory avoidance experiments, because they used multiple-trial conditioning instead of single-trial learning, which may have allowed excessive time during training and before drug infusion for memory consolidation. Furthermore, the previous studies used doses of muscimol much higher than those typically used in studies of inhibitory avoidance . Therefore, the first experiment of the present study examined the effects of pre-training administration of different doses of muscimol on single-trial auditory fear conditioning. Rats were infused with either vehicle (ACSF) or one of five doses of muscimol (0.001, 0.088, 0.44, 1.1, and 4.4 nmol) before auditory fear conditioning and assessed for fear retention the following day ( Fig. 1 A) . Figure 1 B shows the infusion cannula tip locations. These were mostly located in the LA, with a few just outside of the LBA. All cannulas Ͻ0.5 mm outside of the LBA were included in the analysis (Martin, 1991) . One animal (results not shown) was excluded from analysis for incorrect placement. Figure 1C shows the mean Ϯ SE percent freezing averaged across all tones, whereas Figure 1 D shows the results for each of the three trials. Baseline freezing scores for the 30 sec period before CS onset did not differ among groups [F (5,31) ϭ 1.11; p Ͼ 0.05]. The mean Ϯ SE percent baseline freezing for all animals infused before training was 4 Ϯ 0.77%, indicating that fear did not generalize from the conditioning chamber to the testing chamber. In contrast, the ANOVA for freezing scores during CS presentation showed a significant effect of drug concentration [F (5,31) ϭ 8.38; p Ͻ 0.001], with nonsignificant effects for trial [F (2,62) ϭ 1.60] and drug-by-trial interaction [F (10,64) ϭ 0.50]. Consistent with previous work in our laboratory (Muller et al., 1997; Wilensky et al., 1999) , infusion of high doses of muscimol before conditioning (4.4 or 1.1 nmol) resulted in significant memory impairments relative to both ACSF-infused controls ( p Ͻ 0.01, Scheffe's test) and the lowest dose (0.001 nmol, p Ͻ 0.05). Infusion of 0.44 nmol also resulted in a significant impairment relative to ACSF-infused controls ( p Ͻ 0.05). However, groups given the lowest doses (0.088 and 0.001 nmol) did not differ from ACSF controls. These results show a clear relationship between the dose of muscimol received and the degree of disruption of auditory tone conditioning.
Post-training functional inactivation of the amygdala does not impair auditory fear conditioning
We next evaluated whether post-training functional inactivation of LBA with muscimol would affect single-trial auditory fear conditioning similarly to inhibitory avoidance learning Izquierdo et al., 1997; Zanatta et al., 1997) . Rats were trained as before with one-trial auditory conditioning and given immediate post-training infusion of either ACSF or one of three doses of muscimol used in the first experiment (4.4, 0.44, or 0.001 nmol), including the dose (4.4 nmol) that clearly disrupted conditioning in the first experiment and the dose (0.001 nmol) that has been shown to impair inhibitory avoidance when infused after training . The following day, rats were tested for retention of fear conditioning (Fig. 2 A) .
Cannula tip placements were similar to those of the first experiment (Fig. 2 B) . One animal was excluded from the analysis because of cannula placement in the ventricles. Figure 2C shows the mean Ϯ SE percent freezing averaged across all tones, whereas Figure 2 D shows the results for each of the three trials. Freezing scores for the 30 sec period before CS onset did not differ between groups [F (3,38) ϭ 0.38; p Ͼ 0.05]. For freezing scores during the CS, the ANOVA showed a significant effect for trials [F (2,76) ϭ 3.37; p Ͻ 0.05], in which trials 1 and 3 were significantly different ( p Ͻ 0.05). However, no significant effect of drug [F (3,38) ϭ 0.12] or drug-by-trial interaction [F (6,76) ϭ 0.92] was observed. Thus, in contrast to the dose-dependent effect of muscimol on fear retention after pre-training infusions, groups receiving infusions of muscimol immediately after auditory fear conditioning did not differ from controls at any dose.
Another measure of the strength of conditioning is the rate at which the conditioned response extinguishes. If post-training intraamygdala infusions of muscimol attenuated fear consolidation in a manner not observable after 24 hr, then one would expect muscimol-treated rats to extinguish more quickly than controls. To evaluate this possibility, rats from each post-training infusion group were tested for rate of extinction. The ANOVA revealed that groups did not differ significantly in the average number of days to reach extinction criterion [F (3,19) ϭ 0.43; Fig. 2 E] . Thus, although pre-training inactivation disrupts learning, post-training inactivation of the amygdala appears to have no effect on Pavlovian fear conditioning, measured both by freezing in the first three tone trials and by days required to reach extinction.
Post-training functional inactivation of the amygdala does not impair contextual fear conditioning
In the previous two experiments, we evaluated the impact of preor post-training functional inactivation of LBA on auditory fear conditioning and found that, unlike in the inhibitory avoidance literature, post-training infusions did not affect the learning. In the third experiment, we evaluated the effects of post-training amygdala inactivation on contextual fear conditioning. Contextual Pavlovian conditioning may parallel inhibitory avoidance learning more closely than auditory Pavlovian conditioning because of the associations with the context in each paradigm. This comparison is particularly relevant in light of a recent report (Vazdarjanova and McGaugh, 1999) that suggests that the strength of contextual fear conditioning can be modulated by post-training administration of lidocaine into the amygdala, similarly to inhibitory avoidance. To determine whether the role of the amygdala differs in auditory and contextual conditioned fear, we infused the high dose of muscimol used in the previous experiments (4.4 nmol) into the LBA of rats after one-trial Pavlovian fear conditioning and then assessed retention of both contextual and auditory fear in each rat (Fig. 3A) . Figure 3B shows representative infusion cannula tip locations for all rats. Tips were located in or just outside of the LA. Figure 3C shows the mean Ϯ SE percent freezing averaged across all auditory trials, whereas Figure 3D shows the results for each individual tone. Overall freezing is higher than in experiment 2, presumably because of the higher US intensity. Consistent with the results of the second experiment, the ANOVA showed a significant effect for trial [F (2,42) Figure 3E shows the mean Ϯ SE percent freezing averaged across all three context test periods, whereas Figure 3F shows the Vazdarjanova and McGaugh (1999) , in which inactivation of the LBA with lidocaine affected another type of contextual conditioning task, the present findings indicate that post-training LBA inactivation with muscimol has no effect on contextual Pavlovian fear conditioning.
Post-training functional inactivation of the amygdala impairs inhibitory avoidance learning but not Pavlovian fear conditioning
The results of the previous three experiments indicate that neural activity in the amygdala during but not immediately after training is required for acquisition of Pavlovian fear conditioning. In contrast, numerous studies have reported effects of post-training infusions of GABAergic drugs, including muscimol, on memory consolidation of inhibitory avoidance learning Castellano et al., 1989; Dickinson-Anson and McGaugh, 1997; Izquierdo et al., 1997) . To determine whether we could find similar effects, we trained rats using a single-trial inhibitory avoidance learning task . Given that our Pavlovian conditioning paradigm produced ϳ50% freezing in controls, we chose from the literature and from pilot data (data not shown) parameters that resulted in ϳ50% retention in our inhibitory avoidance task. Immediately after training, rats were infused with either ACSF or one of the three doses of muscimol used in the second experiment (4.4, 0.44, or 0.001 nmol). Rats were tested for retention of inhibitory avoidance learning 48 hr after training (Fig. 4 A) . Figure 4 B shows the infusion cannula tip locations, and again, tips were mostly located in the LA. Two animals were excluded from the analysis, one for cannula tip location in the ventricles and the other for an indeterminate cannula placement. Figure 4 , C and D, respectively, shows the mean Ϯ SE latency to enter the dark chamber during training and for the difference between training and testing. The Kruskal-Wallis ANOVA on the difference scores showed a significant effect of group [H (df ϭ 3; n ϭ 47) ϭ 9.76; p Ͻ 0.05] with a significant difference between the highest dose group and vehicle controls ( p Ͻ 0.01) and between the highest dose group and the lowest dose group ( p Ͻ 0.05). Consistent with previous work Izquierdo et al., 1997; Zanatta et al., 1997) , post-training inactivation of the amygdala with muscimol dose-dependently impaired inhibitory avoidance learning. However, unlike the results of Brioni et al. (1989) , who found effects only at low doses, our results are more consistent with other inhibitory avoidance studies in the literature that found effects using our higher dose Zanatta et al., 1997) .
We next used rats that had been trained in the inhibitory avoidance task and retrained them in the auditory fear conditioning paradigm. One group of rats received muscimol (4.4 nmol) before training. The other two groups received an immediate posttraining infusion of either ACSF or muscimol (4.4 nmol; Fig. 4 A) . In this manner, we were able to evaluate the impact of post-training functional inactivation of the amygdala on the two single-trial learning paradigms in the same animals with the same cannula placements.
Figure 4 E displays freezing scores averaged across all tone trials, whereas Figure 4 F shows the data for each of the three tone trials. Freezing scores for retrained rats were somewhat lower than those for naïve animals, which was expected because of previous exposure to the aversive US. The ANOVA showed a significant effect of drug [F (2,32) ϭ 8.15; p Ͻ 0.01], with which the pre-infused group differed significantly from both post-infused groups ( p Ͻ 0.05; Scheffe's test), a significant effect for trial [F (2,64) ϭ 5.75; p Ͻ 0.01] between trials 1 and 2 ( p Ͻ 0.05) and between trials 1 and 3 ( p Ͻ 0.05), and no significant effect for group-by-trial [F (12,64) 
Pre-training infusions of muscimol impaired fear conditioning, whereas rats infused after training did not differ from ACSFinfused controls ( p Ͼ 0.05). Thus, consistent with our previous experiments, pre-training administration of muscimol into the (Paxinos and Watson, 1997) . C, Mean Ϯ SE percent freezing during tone tests per group (0 nmol, n ϭ 11; 0.001 nmol, n ϭ 8; 0.44 nmol, n ϭ 11; 4.4 nmol, n ϭ 12) averaged across all tone trials. Groups showed no significant differences. D, Mean Ϯ SE percent freezing per group during each tone trial. No significant differences were observed during any tone trial. E, Mean Ϯ SE days to extinction per group (0 nmol, n ϭ 5; 0.001 nmol, n ϭ 5; 0.44 nmol, n ϭ 7; 4.4 nmol, n ϭ 6). No significant differences were observed.
LBA impaired fear acquisition, whereas, in contrast to inhibitory avoidance, post-training infusions did not affect retention of auditory fear conditioning.
Because we tested our rats at 48 hr in the inhibitory avoidance experiment and at 24 hr in the Pavlovian fear conditioning experiments, it may be argued that this difference is responsible for the different effects observed in the two paradigms. If true, then we would expect to observe impaired retention after 48 hr in rats given immediate post-training infusions of muscimol after Pavlovian conditioning. We therefore analyzed data at 48 hr from rats given extinction training in our second experiment (discussed above). The ANOVA showed no significant effects for drug [F (3,19) ϭ 2.11], trial [F (2,38) ϭ 2.12], or drug-by-trial interaction [F (6,38) 
These results are identical to those found at 24 hr after training and fail to support the hypothesis that time of testing significantly affects the results of post-training GABAergic manipulations of the amygdala.
Finally, we addressed the question of whether the differences obtained using Pavlovian fear conditioning and inhibitory avoidance learning paradigms might be attributable to differences in foot shock intensity. For example, evidence suggests that parameters such as foot shock intensity can affect the ability of amnesic agents to interfere with memory, presumably by influencing the rate of memory consolidation (Ray and Bivens, 1968) . Thus, it may be argued that our ability to modulate inhibitory avoidance learning but not Pavlovian fear conditioning was attributable to a lower shock intensity in the former (0.45 mA). Therefore, we repeated our inhibitory avoidance experiment using a 2 mA, 1 sec foot shock, the highest shock intensity used in our Pavlovian fear experiments. As in previous experiments, rats were infused immediately after training, with either ACSF or 4.4 nmol of muscimol/ side, and were tested for retention 48 hr later (Fig. 5A) . To assay for possible Pavlovian conditioning to the inhibitory avoidance chamber, which may have confounded our inhibitory avoidance measures, we also scored the rats for three 30 sec periods for freezing to context. Figure 5B shows the infusion cannula tip locations, and again, tips were mostly located in the LA. One animal was excluded from the analysis because of damage throughout the LA. Figure 5C shows the mean Ϯ SE percent freezing averaged across all three context test periods, whereas Figure 5D shows the results for each individual test period. Freezing during the test periods was very low (averages were Ͻ10%), and the ANOVA detected no significant effects for group [F (1,13) [F (2,26) ϭ 2.24], or group-by-trial interaction [F (2,26) ϭ 2.15]. Therefore, any differences in avoidance latencies between muscimol-treated and vehicle groups cannot be attributed to differences in freezing. Figure 5 , E and F, shows the mean Ϯ SE latency to enter the dark chamber during training and the difference between training and testing. Mann-Whitney U tests showed a significant effect of group on the difference scores (adjusted Z ϭ Ϫ2.8; p Ͻ 0.01). Thus, even when shock intensity and duration were matched to those used in our Pavlovian fear conditioning experiments, we found a strong modulatory effect on inhibitory avoidance learning with posttraining functional inactivation of the amygdala. Collectively, the results of all of our experiments strongly favor the hypothesis that fundamental differences exist with respect to the involvement of the amygdala in memory consolidation of Pavlovian fear conditioning and inhibitory avoidance learning.
DISCUSSION
Although a considerable amount of progress has been made in understanding the neural basis of fear conditioning, the exact role of the amygdala still remains controversial (Cahill et al., 1999; Fanselow and LeDoux, 1999) . Results of studies using Pavlovian fear conditioning paradigms have suggested that essential aspects of fear learning take place in the amygdala, whereas studies based on inhibitory avoidance learning argue that the amygdala modulates the consolidation of fear memories in other brain areas. Because lesions of the amygdala generally abolish the expression of conditioned freezing (but see Maren, 1999) , proponents of this latter view have argued that unambiguous conclusions cannot be (Paxinos and Watson, 1997) . C, Mean Ϯ SE percent freezing per group (0 nmol, n ϭ 12; 4.4 nmol, n ϭ 11) averaged across all tone trials. Groups had no significant difference. D, Mean Ϯ SE percent freezing per group during each tone trial. No significant difference was observed during any tone trial. E, Mean Ϯ SE percent freezing to context per group averaged across all observation periods. Groups were not significantly different. F, Mean Ϯ SE percent freezing per group to context during each observation period. No significant differences were observed between groups during any observation period.
drawn about the role of the amygdala in fear memory consolidation using permanent lesions (Cahill et al., 1999) . Furthermore, because pharmacological manipulations of the amygdala immediately after training modulate the strength of inhibitory avoidance learning Cahill and McGaugh, 1998; Packard and Teather, 1998) , it has been argued that learning impairments observed in studies using pre-training infusions of drugs such as muscimol and AP-5 do not necessarily indicate that the amygdala is the site of plasticity underlying fear learning .
One possible resolution of this controversy is that both views are correct; namely, that in Pavlovian fear conditioning the amygdala serves as the site of plasticity underlying fear learning, whereas in inhibitory avoidance learning the amygdala serves to modulate the strength of aversive memory elsewhere. The experiments in the present paper were designed to test this possibility by directly comparing post-training pharmacological manipulations of the amygdala in both paradigms. Although pre-training functional inactivation of the LBA with muscimol dose-dependently impaired Pavlovian fear conditioning, immediate post-training inactivation had no effect. In contrast, post-training inactivation of the LBA consistently impaired inhibitory avoidance learning. These results are consistent with those of previous studies in which intraamygdala administration of AP-5 impaired Pavlovian fear conditioning if given before, but not immediately after, training (Maren et al., 1996b) . In contrast, post-training infusion of AP-5 has been shown to impair inhibitory avoidance learning (Liang et al., 1994) . Collectively, the findings indicate that Pavlovian fear conditioning and inhibitory avoidance are differentially affected by post-training pharmacological manipulations of the amygdala and suggest that fundamental differences exist in the underlying neural mechanisms mediating memory consolidation in the two learning paradigms.
Procedural differences exist between Pavlovian fear conditioning and inhibitory avoidance learning that may account for the different role of the amygdala in each paradigm. In the former, the animal is presented with tones (CS) and shocks (US) independent of its behavior. However, inhibitory avoidance learning is an example of instrumental learning, in which shock delivery is contingent on the animal's response. It is thus likely that the ability to affect one kind of learning and not the other with post-training manipulations of the amygdala reflects differences in the relative complexity of the neural network underlying each type of learning. Indeed, a number of lesion studies have implicated the entorhinal and parietal cortex in late memory phases of inhibitory avoidance learning Zanatta et al., 1997) , whereas, for example, Pavlovian fear conditioning is spared after entorhinal cortex lesions (Phillips and LeDoux, 1995) . Furthermore, although lesion studies have consistently implicated the amygdala in Pavlovian fear conditioning (LeDoux et al., 1990; Maren et al., 1996a; Maren, 1998) , lesions of the amygdala appear to have less clear-cut effects on inhibitory avoidance learning, especially if given after training (Liang et al., 1982; Parent et al., 1995) . Although this latter finding has been used as evidence in favor of the view that the amygdala is not the site of memory consolidation of conditioned fear, it is equally consistent with the notion that the amygdala plays a fundamentally different role in Pavlovian fear conditioning and inhibitory avoidance learning.
In experiment 3, we found that post-training functional inactivation of the LBA did not affect contextual Pavlovian fear conditioning. This finding stands in contrast to one recent report (Vazdarjanova and McGaugh, 1999) (also see Sacchetti et al., 1999) , which demonstrated impairments in retention of contextual Pavlovian fear conditioning after post-training inactivation of the LBA. In that study, rats receiving the anesthetic lidocaine after exposure to multiple shocks in a closed arm of a Y maze spent less time freezing when reexposed to a nonshock arm of the Y maze and were more likely to enter the shock arm of the maze. The requirements of this task distinguish it from a simple context CS (Paxinos and Watson, 1997) . C, Mean Ϯ SE latency (seconds) to enter the dark chamber during training. Groups did not differ by dose (0 nmol, n ϭ 13; 0.001 nmol, n ϭ 11; 0.44 nmol, n ϭ 11; 4.4 nmol, n ϭ 12). D, Mean Ϯ SE latency (seconds) for the difference between testing and training. The highest dose of muscimol was significantly different from both vehicle (*p Ͻ 0.01) and the lowest muscimol dose ( F p Ͻ 0.05). E, Mean Ϯ SE percent freezing for each retrained group averaged across all tone trials. Muscimol continued to block freezing when administered before training (n ϭ 11) but did not produce a significant difference between post-training groups (0 nmol, n ϭ 13; 4.4 nmol, n ϭ 11). *p Ͻ 0.05 relative to groups infused after training. F, Mean Ϯ SE percent freezing per group during each tone trial. No significant differences between post-training groups were observed during any tone trial.
exposure by placing the rat in a nonshock arm, rather than the arm associated with shock at the time of training. This different type of exposure during testing, and the various behavioral choices available to the rat, may account in part for the different findings between our study and that of Vazdarjanova and McGaugh (1999) . However, although such procedural details in testing may partially account for the different findings, it is our hypothesis that fundamental differences in training, rather than testing, are the main sources of the differences between the Pavlovian conditioning and inhibitory avoidance learning. Thus, we believe that different testing methods may not adequately account for the differential effects on contextual fear in the two studies.
Another, potentially more substantive, difference between the two sets of experiments lies in the drugs used to inactivate the amygdala. Although both muscimol and lidocaine reversibly inactivate the amygdala, muscimol agonizes the ionotropic GABA A receptor to inhibit neural transmission, whereas lidocaine is believed to inhibit transmission by inactivating Na ϩ channels using the cAMP signaling pathway (Onozuka et al., 1993) . Lidocaine has been shown to inhibit intracellular cAMP production, possibly through an interaction with a G i regulatory subunit of adenylate cyclase (Roux et al., 1989) , and also to suppress the activity of the cAMP-dependent protein kinase (PKA) (Onozuka et al., 1993) . The cAMP cascade and PKA have been implicated in the molecular events underlying memory consolidation in a wide variety of species, including fear conditioning in rodents (Alberini et al., 1995; Bourtchouladze et al., 1998; Schafe et al., 1999) . Furthermore, recent work in our laboratory has indicated that immediate post-training disruption of PKA activity in the LBA impairs consolidation of Pavlovian conditioning (Schafe and LeDoux, 2000) . As a result, the effects found on context memory after post-training infusions of lidocaine (Vazdarjanova and McGaugh, 1999) , along with our data, might alternatively suggest the opposite conclusion; namely, that synaptic activity in the LBA is required during learning, but afterward consolidation in the amygdala proceeds independently of synaptic activity and is instead dependent on intracellular signaling.
The results of the present study clearly indicate that amygdala inactivation differentially affects inhibitory avoidance and Pavlovian conditioning and that pre-training, but not post-training, functional inactivation of the LBA impairs acquisition of Pavlovian fear conditioning to both contextual and auditory stimuli (Muller et al., 1997; Wilensky et al., 1999) . This dual role of the amygdala in Pavlovian fear conditioning and inhibitory avoidance learning suggests a wider role for LBA in fear learning and memory than may have been previously acknowledged. Future work should carefully consider procedural differences in the behavioral paradigms used to study fear learning and how these differences, however subtle, can influence the neurobiology of fear.
